The use of chain-specific monoclonal antibodies (MAbs) against keratins in pathology is hampered by their limited staining on formalin-fmed, padm-embedded tissue. In the present study, mious treatments before immunohistochemistry on paraffin sections were compared, including proteolytic enzymes and microwave antigen retrieval in various solutions. Sections of normal cervical and skin tissue were stained in a three-step immunoperoxidase method, employing a broad panel of MAbs against chain-specific keratins 4,5,7,8,10,13,14, 17,18,19 and pankeratin. Using microwave heating, Target Unmasking Fluid (TUF), Antigen Retrieval Solution (ARS), a simple detergent solution (DET), PBS, and distilled water (Mi@ were compared. Microwave heating in PBS or MiQ strongly improved staining results.
Introduction
Monoclonal antibodies (MAbs) against chain-specific keratins have become an invaluable adjunct in diagnostic pathology and ontological research. Keratins belong to the family of intermediate filaments, which form a part of the cytoskeleton of all vertebrate epithelial cells (1). At present, 20 different polypeptides can be classified in the group of keratin filaments, based on their molecular weight and isoelectric focusing (2,3). In normal epithelial cells, keratin expression is closely linked to their particular state of differentiation, and keratins for basal epithelia (nos. 5/14, 17, and 19), stratified Correspondence to: H. M. Hazelbag, Dept. of Pathology, PO Box 9600, Building 1, L1-Q, 2300 RC Leiden, The Netherlands. comparable with or even better than staining obtained on frozen sections. Using microwave antigen retrieval, tissue morphology remained optimal, and only in a very limited number of MAbs did immunoreactivity on paraffin sections fail to be restored. Proteolytic pre-treatment with trypsin, pepsin, or pronase gave moderate to strong staining with some of the MAbs. Other MAbs, for which microwave pretreatment was able to restore the loss of immunoreactivity, failed to give appropriate staining with proteolytic pretreatment. Our results show that microwave heating in either TUF or a simple detergent solution before immunohistochemistry is a reliable method for antigen retrieval of chain-specific keratins in formalin-fxed, paraffin-embedded tissues. (J Hisrochem Cytochem 43:429437, 1995) epithelia(l/l0,3/12,4/13, and 6/16), andglandularepithelia (8/18, 7 , and 19) can roughly be distinguished (2,4,5). In this way, keratin MAbs may help to define the origin of neoplastic epithelial cells and thus to classify tumors according to their normal epithelial counterparts (2,4). Most of these MAbs can be applied on freshly frozen tissue, cell smears and cultures, tissue imprints, and cytmpins. However, formalin, which is still the most widely used fixative in routine pathology, often results in loss of immunoreactivity, thereby limiting the application of immunohistochemistry Various kinds of proteolytic pre-digestions have been used to unmask epitopes that had become inaccessible as a result of cross-linking proteins during formalin fmtion (6-9). These techniques proved to be useful for a limited panel of antibodies. However, optimal length of proteolysis varied considerably with degree of fixation and the kind of tissue or intermediate filament, and in some cases the cytomor-phological features remained not well preserved or altered staining patterns were observed (8,9).
Recently, a number of tissue section pre-treatments were described using microwave oven heating in various solutions before immunohistochemistry (10) (11) (12) (13) (14) . These pre-treatments were claimed to improve staining intensity with diminished background staining compared with conventional immunohistochemistry. Two of these studies also showed superior results of a microwave antigen retrieval method compared with proteolytic digestion pre-treatment, although both pre-treatment modalities were used for only a limited number of chain-specific keratin MAbs (10) (11) (12) .
The aim of this study was to develop a reliable methodology for the use of a broad panel of chain-specific keratin antibodies, representing the specific histological types of epithelia, on formalinfixed, paraffin-embedded tissues. We therefore compared the quality and quantity of immunoreactivity for these MAbs after pretreatment with five different microwave antigen retrieval procedures and three proteolytic digestions.
Materials and Methods
Tissues. Normal human cervix and skin from the lower arm were obtained from surgical pathology specimens immediately after surgery. One part of each specimen was immediately snap-frozen in CO2 ice-cooled isopentane and stored at -70°C until further use. Two parallel pieces were fixed for 24 h in 4% neutral phosphate buffered formalin (500 ml of 40% formaldehyde, 32.5 g NazHP04, and 20 g NaHzP04, diluted in 4.5 liters of distilled water). After dehydration and clearing in xylene the tissues were embedded in paraffin, of which the melting temperature did not exceed 60°C.
Microwave Oven Antigen Retrieval Solutions and Proteolytic Pretreatments. Target Unmasking Fluid (TUF), of which the composition is not provided, was obtained from Sanbio (Uden, The Netherlands) and Antigen Retrieval Solution (ARS), a solution containing lead thiocyanate, from Biogenex (San Ramon, CA). In addition, the following solutions were used: 0.01 M PBS, pH 7.4, purified water (MiQ), or a general detergent (DET) in a 0.05% solution, containing anionogenic (15-30%) and non-ionogenic (5-15 %)surfactants (Dish Clean; Bosman Chemie, Heijningen, The Netherlands).
The dewaxed, rehydrated, and endogenous peroxidase-blocked sections were placed in a glass container filled with the antigen retrieval fluid. Microwaving was carried out at full power in a Nordland 8OOTC microwave oven (MWO) (1300 W, 2450 mHz), twice for 5 min with a 1-min interval at 90°C (TUF, DET, PBS, MiQ) or at 95°C (ARS). All slides were then cooled for 15 min in demineralized water, starting at 90'C.
The proteolytic enzymes trypsin (T-8128), pepsin (P-7012), and pronase E (Protease type XIV P-5147) were obtained from Sigma (St. Louis, MO). Slides were pretreated with either (a) a 0.1% trypsin solution in 0.1% CaC12 (pH 7.4) for 15 min at 37'C or (b) a 0.4% pepsin solution in 0.01 M HCI for 20 min at 37'C, or (c) a 0.0251 pronase E solution in 0.05 M Tris-HCI (pH 7.6) for 15 min at 37°C. These digestion times were chosen after a preliminary study in which duration of digestion, intensity of staining, and preservation of morphology were tested (not shown).
Paraffin sections incubated with the respective MAbs without any pretreatment were used to study the influence of the various pre-treatments added to the staining protocol.
Antibodies. Details on the primary antibodies used are given in Table 1. The OV-TL 12/30 antibody was kindly provided by L.G. Pods and is commercially available from Sanbio. The antibody clones 80, 6B10, M20, 2D7, 1C7, and M9 were produced in our own laboratory and are commer- (24) Bi (25) Bi (25) ED (18) Sa (26) Bi (27) ED (28) TD (29) TD (29) TD (29) ED (30) ED (31) Bi ED (32) Bi (33) ED (18) ED (18) Bi Si (34) Bi (5) Bi (35) TD (36) ED (31) Da (38) Am (30) TD (37) ED, EuroDiagnostics; Bi, Biogencx; Sa, Sanbio; TD, Thamcr Diagnostica, These antibodies were suitable to use on formalin-fixed, paraffin-embedded (Hoorn, The Netherlands); Da, Dakopatts; Am, Amenham (Amersham. UK).
tissue after MWO or enzymatic pre-treatment.
cially available from EuroDiagnostics (Apeldoorn, The Netherlands), In Table 1 , the MAbs that showed specific immunoreactivity after enzymatic or MWO antigen retrieval treatments on formalin-fixed, paraffin-embedded tisue in a pilot study are marked. From these MAbs, those that are commonly used in our laboratory were selected for this study. The primary antibodies were, when necessary, diluted in PBS containing 1% BSA (bovine serum albumin). Optimal dilutions were first tested on frozen sections, and these dilutions were used throughout the study. The horseradish peroxidase (HRP)-labeled antibodies against mouse immunoglobulins (Ig) and rabbit immunoglobulins were obtained from Dakopatts (Glostrup, Denmark) and diluted in PBS containing 1% BSA and 10% normal goat serum to reduce background staining.
Immunohistochemistry. Five-wm frozen sections were mounted on gelatin-coated slides and dried for 16 hr at room temperature (RT). Then they were fixed in acetone for 10 min and washed twice for 5 min in PBS. The sections were then incubated for 1 hr with the primary antibodies as described earlier (15) . Preliminary experiments had shown that longer incubation periods neither resulted in more intense staining results nor enabled the use of higher dilutions of primary antibody (data not shown). All incubations were performed at RT in a humidified chamber.
Five-Fm paraffin sections were mounted on organosilane-and glutaraldehyde-coated slides and dried overnight at 56'C. Slides were dewaxed in xylene, extensively rinsed in 100% ethanol, and blocked for endogenous peroxidase activity with 0.03% H202 in 100% methanol for 20 min. After rehydration in graded alcohols, the slides were prepared for chemical or proteolytic pre-treatment by extensively washing in demineralized water. After these pi-e-treatments, the slides were washed two times with PBS. On the basis of previous experiments (not shown) for paraffin sections, an overnight incubation period with the primary antibodies (16 hr) was chosen.
After incubation with the primary antibodies, both frozen and pardfin sections were washed in PBS three times for 5 min. followed by two 30-min incubations with the HRP-labeled rabbit anti-mouse Ig (1:lOO) and HRP-labeled swine anti-rabbit Ig (1:50), and subsequent washings in PBS. Visualization of the immune aggregates was carried out with a 0.02% 3-amino-9-ethylcarbazole (AEC) solution containing 0.005% H202. Hematoxylin was used for counterstaining.
As a control, MAbs against specific keratins were replaced with PBS/l% BSA or different switch variants of characterized mouse MAbs RC38 and G250 (16, 17) , which have irrelevant specificity (against renal tubular epithelial cells and renal cell carcinoma) but are of the same immunoglobulin subclasses as the keratin MAbs. For these two MAbs we used sections of a renal cell carcinoma as a positive control. Furthermore, for a number of randomly chosen MAbs the various staining procedures and controls were repeated to confirm the reproducibility.
Evaluation of Staining Results. The staining results were evaluated by three investigators independently (HMH, LJCMvdB, and PCWH). When scoring results diverged, agreement was reached in a simultaneous session. Sensitivity was evaluated semiquantitatively in ato 4+ score: -, no staining; f , focal and weak staining of cells that should stain; 1 + , weak staining of a moderate number of cells: 2 + , moderate staining of most cells; 3 +, strong staining of all cells. A score of 4 + was reserved for sections that showed very intense staining combined with excellent morphology and lack of any background staining.
For statistical analysis, staining results after the various pre-treatments were ranked for each antibody, and for skin and cervical tissue separately. Performance of MAbs on frozen sections was included in this ranking analysis for comparison. When staining intensities did not differ within two or more pre-treatments, these pre-treatments were given the same rank, provided that there were no differences in amount of background staining or tissue morphology. The ranking results were analyzed with the nonparametric Friedman test and Wilcoxon's signed-ranks test.
Results

S'eci$city of Antigen Retrieval Procedures
For our comparative study, the keratin distribution patterns found on acetone-fixed frozen sections of normal skin and cervical tissue served as standard for evaluating the immunoreactivity patterns on paraffin sections. All MAbs stained intensely on frozen sections, and their staining patterns are provided in Table 2 . None of the MAbs used on paraffin sections showed staining of antigens that were not stained on frozen sections. In a few cases, slight background staining was shown to be due to length of washing procedures in PBS, as it disappeared after intensification of the washing procedures. Consequently, there were no significant differences in amount of background staining among the various MWO or enzymatic antigen retrieval procedures.
Morphology
Snap-freezing of tissues may cause tissue damage. In our study this could be seen recurrently, e.g., in the columnar cells of endocervix and in secretory glands in the dermis. However, all MWO antigen retrieval procedures showed excellent preservation of morphology, provided that appropriate coating of slides was used. Only in sporadic cases was loosening of sections from the slides seen, irrespective of antigen retried solution. Morphology after 15-20 min of enzymatic digestion also remained optimal.
Sensitivity and Specqicity of Staining Procedures
Staining results on frozen sections and paraffin sections, with or without antigen retrieval, are summarized in Table 3 and some examples are given in Figures 1 (skin) and 2 (cervix). Control skin and cervix sections incubated with either PBS/1% BSA or irrelevant MAbs (G250 and RC38) remained unstained. None of the MAbs tested in this study showed satisfactory immunoreactivity on paraffin sections without pre-treatments. The MAbs RCK105, C-35, C-68 (all K7), C-46 (K7/17), LL025 (Klb), and M9 (K18) showed prolonged loss of immunoreactivity on paraffin sections after both MWO and enzymatic antigen retrieval and were therefore excluded from the comparative study. One exception was made for antibody clone 6B10, directed against keratin 4 and mainly recognizing certain stratified epithelia (18). Using this antibody on paraffin sections, appropriate staining of the stratified epithelium of the ectocervix was observed, but staining of the endocervical epithelium, which can be seen in frozen sections (18), was largely lost, irrespective of tissue pre-treatment. The MAbs 2D7 and 1c7, both directed against keratin 13 but of different IgG subclass, appeared to have identical staining patterns and the same staining intensity, and their staining results were therefore reported together. Table 3 shows that, for the group of MAbs recognizing basal or stratified epithelial keratinsclone 80 (also shown in Figures la-Id), U002 (Figures le-lh) , CKB1, E3, 6BlO (Figures 2a-2d) , RKSE60, or 1C7/2D7 -moderate to excellent immunoreactivity was obtained with all MWO pre-treatments on both skin and cervu. However, for the group of MAbs recognizing the glandular keratins 7, 8, 18, and 19 -RCKlO2, OV-TI, 12/30 (Figures 2e-2h ), M20, D O , and BA17 -obvious differences of staining intensity were noted in cervix and skin using microwave antigen retrieval. Employing MiQ PBS or ARS, this group of MAbs showed only weak staining in the endocervix, whereas TUF and DET displayed moderate to strong staining. In ductal epithelium of sweat glands of skin, these differences were less pronounced for MAbs RCK102, OV-TI, 12/30, and M20, but persisted for DClO and BA17. Altogether, the MWO pre-treatments with TUF and primarily with DET performed well for all MAbs and both tissues tested in this comparative study.
Enzymatic digestion enhanced immunoreactivity for only a part of the MAbs. RCK102, OV-TL 12/30, M20, CKB1, and DClO showed moderate to excellent staining on skin as well as cervix. BA17 performed well on skin but failed on cervix. For clone 80, 6B10, RKSE60, 2D7/1C7, and LLOO2, enzyme digestion largely or totally failed to restore immunoreactivity in skin as well as in cervix.
The results of ranking and statistical analysis are shown in Table  4 . For some antibodies, differences in rank can be noted, despite the fact that the same score was given in Table 3 . This is mostly due to slight differences in staining intensity or morphology. The ranks given for each pre-treatment were added for statistical analysis (sub rank sums and total rank sum). As can be seen, the subtotal rank sums from skin and cervix differ slightly among some pre- Table 2 
. Dirtribdon of specific keratins in frozen sections of nomal skin and cervical tissues in this study
Kentin
MAb used Normal tissue distributionu Skin Clone80 1.5 3.5 3.5 5.5 5.5 1.5 8.5 8.5 8.5 8.5 RCKlO2 2 6 7.5 7.5 9 5 3.5 3.5 1 10 OV-TL 12/30 6.5 6.5 6.5 9 6.5 2.5 2.5 2.5 2.5 10 M2O 4.5 6.5 6.5 8.5 8.5 4.5 2 2 2 10 RKSE60 3 3 5 6 3 1 9 9 9 7 CKB 1 3.5 1.5 6.5 9 6.5 3.5 1.5 6.5 6.5 10 LL.002 2 3.5 5.5 5.5 3.5 1 8.5 8.5 8.5 8.5 2.5 2.5 2.5 5.5 5.5 2.5 9 9 9 7 CKBl 1 2.5 2.5 7 5 5 9 5 9 9 U 0 0 2 3 3 3 6 5 1 8. Table 3 treatments. This is attributable to relatively large differences in immunostaining of a few MAbs on skin compared with cervix and the fact that MAbs RKSE60 and E3 were tested on skin only, whereas use of 6BlO and 2D7/1C7 was restricted to cervix. Using Friedman's non-parametric test, ranking results on both skin and cervix using the miscellaneous pre-treatments showed significant differences (skinp <0.001; cervixp <0.001). Results of the Wilcoxon signed-ranks test, which enables comparison of the ranking results of two pre-treatments independently, are also given in Table 4 . Surprisingly, staining results on frozen sections were not significantly better than on paraffin sections using the best-performing MWO antigen retrieval solution, i.e., simple detergent (DET). The DET pre-treatment showed significantly better results than all other pre-treatments. Of the commercially available solutions and enzymes, TUF performed significantly better than ARS ( p = 0.002) and also better than the enzymes pronase (p = 0.04), trypsin ( p = 0.002), and pepsin (p = 0.002).
Discussion
MAbs against chain-specific keratins are routinely used on cryostat sections. In the need to optimize immunohistochemistry on paraffin sections, various systems have been described to cancel out cross-linking of proteins due to formalin fixation (6) (7) (8) (9) (10) (11) (12) (13) (14) 19, 20) . To obtain a suitable method to use a broad panel of chain-specific keratin MAbs on paraffin sections, we compared various of these tissue pre-treatments. It is generally known that duration of tissue fixation or proteolytic treatment may influence immunostaining of keratins considerably (6-10). For example, it has been shown that prolonged proteolysis can cause severe tissue disruption, falsenegative immunostaining results, or increased background staining (9,lO) . Because our main purpose was to investigate the influence of pre-treatment, we used a standard tissue fixation time of 24 hr in a standard fixative (21). Previous studies have shown that formalin, compared with other fixatives such as Bouin's fluid or alcohol, provides superior results in enzymatic or MWO antigen retrieval (10,lI) .
Results of trypsin, pepsin, and pronase pre-treatment did not significantly differ among each other, thereby confirming data from others (7, 10, 22) . However, results obtained with enzymatic digestion varied strongly with the antibodies used, as can be seen in Table 3 . In our study, some anti-keratin antibodies, especially in the group raised against keratins of basal or stratified epithelia, failed to stain paraffin sections after enzymatic digestion, whereas MWO heating in various solutions provided excellent staining. Therefore, although we do acknowledge that this pre-treatment is useful on parain sections for many antibodies, it seems less useful employing a broad panel of chain-specific keratin MAbs. Table 3 shows that some of the antibodies performed diversely on skin and cervical tissues. Especially after MWO pre-treatment, the MAbs against glandular keratins produced stronger staining results on the ductal epithelium of sweat glands in the dermis compared with the endocervical ductal epithelium. These divergent results may be due to differences in sensitivity to the fixation procedure in skin and cervix or to quantitative differences in keratin expression. As the proteolytic pretreatments produced excellent results with most of the glandular keratin MAbs on skin as well as cervix, a combination of tissue sensitivity to formalin fixation and the kind of pre-treatment seems to be the most likely explanation for these discrepancies.
It has been described that the effect of microwave heating in deionized water without any substitution may account for a major proportion of the antigen unmasking process (lOJlJ4). In our study, this pre-treatment was shown to be effective compared with the controls lacking pre-treatment. Still, the exact mechanism of antigen retrieval by microwaving remains to be clarified. For ARS, which contains heavy metal salts, it has been postulated, that the formation of an insoluble complex of these salts with polypeptides in the tissue, in combination with heating, may result in better preservation of antigens (11). Another possible explanation of the unmasking process was provided in a recent study by Cattoretti et al. (10 and references therein) . On the basis of their results it was hypothesized that the denaturing properties of heating and denaturing agents, such as high molar urea, 0.1% SDS, or heavy metal salts, induce unmasking of antigenic sites. They also stated that the means of peptide bond cleavage by MWO heating or enzymatic digestion are largely nonspecific. Nevertheless, chemical components of the antigen retrieval solutions do play an important role in quantitative analysis of immunoreactivity. The process of denaturation might explain the excellent results we achieved with our detergent solution, which has strong denaturing properties, and possibly also of TUF, of which the composition, nevertheless, is not given by the manufacturer (FM vd Berg, personal communication). Using these pre-treatments, intense washing of slides after pretreatment and before incubation with primary antibody turned out to be essential to avoid background staining. Taking this into account, excellent and highly specific results could be achieved over the entire range of keratin antibodies used. We did not use some commonly used antigen retrieval solutions, such as urea or citric acid. However, they seem to give unmasking results comparable to that of TUF (10). In a previous study using TUF as antigen retrieval solution, we investigated chain-specific keratin immunoreactivity with a broad panel of MAbs in archival formalin-fixed, paraffin-embedded tissue of long-bone adamantinomas (2 3). Even long-term formalin-fixed tissues could be stained properly using this MWO pre-treatment without lengthening of the heating procedure, which is especially important considering the use of archival material of which the fixation time was not known. Using this method, results were comparable to frozen tissue immunohistochemistry. Moreover, in the present study immunoreactivity on cryostat sections was not significantly better compared with immunoreactivity on paraffin sections after MWO/DET pre-treatment (Table 4 ). Although we present results with a broad panel of chain-specific keratin MAbs, it should be kept in mind that not all MAbs can be used on paraffin sections employing MWO antigen retrieval (Table 1 ). In addition, some recent studies in which enzymatic and MWO antigen retrieval were compared with respect to keratin immunoreactivity, showed divergent results. Cattoretti et al. (10) and Shi et al. (11) reported superior keratin immunoreactivity after MWO heating for the majority of their keratin MAbs tested, and Dookhan et al. (14) presented better results after enzymatic digestion with pepsin or a combination of MWO and enzymatic pretreatment. In the last study, however, only one keratin MAb (CAM5.2) was tested. It should therefore be stated clearly that each laboratory should optimize its own protocol considering this kind of immunohistochemistry on (archival) pardimembedded material.
In conclusion, using keratin immunohistochemistry with a broad panel of chain-specific keratin MAbs on formalin-fixed, paraffinembedded tissues, our results showed that proteolytic pre-treatment performed well for a limited panel of keratin MAbs only. In addition, MWO heating of slides enabled us to obtain a complete keratin immunoreactivity pattern. Of the commercially available antigen retrieval fluids tested with MWO heating, TUF provided the best results in our hands. Microwave heating of paraffin sections in a simple detergent solution was shown to be an attractive method of antigen retrieval because of its easy application, the low expense, and the specific and intense staining results with the MAbs examined.
